The aim of this study was to improve knowledge about histamine radioprotective potential investigating its effect on reducing ionising radiation-induced injury and genotoxic damage on the rat small intestine and uterus. Forty 10-week-old male and 40 female SpragueDawley rats were divided into 4 groups. Histamine and histamine-5Gy groups received a daily subcutaneous histamine injection (0.1 mg/kg) starting 24 h before irradiation. Histamine-5Gy and untreated-5Gy groups were irradiated with a dose of whole-body Cesium-137 irradiation. Three days after irradiation animals were sacrificed and tissues were removed, fixed, and stained with haematoxylin and eosin, and histological characteristics were evaluated. Proliferation, apoptosis and oxidative DNA markers were studied by immunohistochemistry, while micronucleus assay was performed to evaluate chromosomal damage. Histamine treatment reduced radiation-induced mucosal atrophy, oedema and vascular damage produced by ionising radiation, increasing the number of crypts per circumference (239±12 vs 160±10; P<0.01). This effect was associated with a reduction of radiation-induced intestinal crypts apoptosis. Additionally, histamine decreased the frequency of micronuclei formation and also significantly attenuated 8-OHdG immunoreactivity, a marker of DNA oxidative damage. Furthermore, radiation induced flattening of the endometrial surface, depletion of deep glands and reduced mitosis, effects that were completely blocked by histamine treatment. The expression of a proliferation marker in uterine luminal and glandular cells was markedly stimulated in histamine treated and irradiated rats.
Introduction
Radiotherapy is today considered as one of the most important weapon in the fight against cancer, alone or associated to other treatments and relies on ionising radiationinduced DNA damage to kill malignant cells. About eighty percent of cancer patients need radiotherapy at some time or other, either for curative or palliative purposes. To optimise results, it is required a cautious balance between the total dose of radiotherapy delivered and the threshold limit of the surrounding normal critical tissues. In order to obtain better tumour control with a higher dose, the normal tissues should be protected against radiation damage. Therefore, radiobiologists have long been interested in identifying novel, nontoxic, effective, and convenient compounds to protect humans against radiation-induced normal tissue injuries. [1] [2] [3] [4] A large number of drugs have been screened for radioprotective efficacy, over the past 50 years. However, no suitable drug has yet been introduced for routine clinical use. 1, 5 Potentially serious complications are an inevitable consequence of radical therapies. Patients who undergo pelvic or abdominal radiotherapy may develop acute and/or chronic side effects, resulting from gastrointestinal tract, and bone marrow alterations. 1, 6, 7 Radiotherapy initially causes mucosal changes characterised by inflammation or cell death, but subsequently persistent cytokine activation in the submucosa leads to progressive ischaemia, fibrosis and loss of stem cells. 6 The acute depletion of bone marrow components following irradiation have been attributed to the direct effect of radiation depleting the stem cell compartment, whereas the chronic bone marrow aplasia following initial repopulation has been ascribed to stromal damage thought secondary to an impaired vascular supply and subsequent fibrosis, with destruction of fine vasculature followed by fatty marrow replacement of the normal hematopoietic marrow. 1, 7 Furthermore, female patients may display uterine damage, including endometrial and myometrial atrophy, scar fibrosis and hypovascularization, which are negative factors for the establishment and maintenance of a pregnancy and for a convenient labour. 8, 9 In this regard, it has been previously reported that histamine significantly protects two of the most radiosensitive tissues, mouse small intestine and mouse and rat bone marrow, from high doses of gamma radiation. 10, 11 In addition, histamine prevents morphological and functional radiation-induced damage on rat submandibular gland. 12 Histamine (2-(imidazol-4-yl) ethylamine) is a biogenic amine widely distributed throughout the body with a broad spectrum of activities in numerous physiological and pathological situations, and is synthesised by the histidine decarboxylase enzyme (HDC). 13 The expression pattern of histamine receptors in the intestinal tract in which histamine regulates multiple functions, including contraction of intestinal smooth muscle and gastric acid secretion was previously demonstrated. important for normal ovulation, blastocyst implantation, placental blood flow regulation, lactation and contractile activity of uterus. 16 In the murine uterus the rapidly dividing epithelial cells of the endometrium can be defined as the major sources of histamine. In these cells, the level of HDC expression is controlled mainly by progesterone-mediated signals which, interestingly, induce maximal level of HDC expression on the day of implantation (day four of pregnancy). 17 The biological effects of ionising radiation results principally from damage to DNA and double-strand breaks, which can lead to chromosomal aberrations, are the most relevant lesions responsible for most biologic insults, including cell killing. 1 Micronuclei in interphase mammalian cells are reliable biomarkers for evaluating ionising radiation-induced chromosome damage. 18 In addition, ionising radiation through the indirect action, initiates intracellular oxidative stress through enhanced formation of reactive oxygen species that assault DNA. 8-Hydroxy-2'-deoxyguanosine (8-OHdG) is a major type of oxidative DNA damage, and is often analysed as a marker of oxidative stress in human and animal studies of genotoxic activity. 19 Based on our previous data on the histamine radioprotective effect on mouse small intestine, bone marrow and salivary glands; in the present work we aimed to improve our knowledge about histamine radioprotective potential, investigating its effect on reducing the ionising radiation-induced injury and genotoxic damage on the rat small intestine and uterus. For that purpose, we evaluated the histological characteristics and markers of proliferation, apoptosis, and DNA damage in whole body irradiated-rats.
Materials and Methods

Treatment and irradiation
Forty 10-week-old male and 40 female Sprague-Dawley rats, weighing 200-230 g were purchased from the Division of Laboratory Animal Production, School of Veterinary Sciences, University of La Plata, Buenos Aires and were randomly separated into 4 groups per gender (n=10 each). Rats were maintained in our animal health care facility at 22 to 24°C and 50% to 60% humidity on a 12 hours light/dark cycle with food and water available ad libitum. To determine the radioprotective potential of histamine on rat small intestine and uterus, the same experimental procedures that we previously described in detail were used. [10] [11] [12] Histamine and histamine-5 Gray (Gy) groups received a daily subcutaneous histamine injection (0.1 mg/kg) starting 24 h before irradiation and which continued until the end of the experimental period (3 days post irradiation) while untreated groups received saline. Histamine-5 Gy and untreated-5 Gy groups were irradiated using Cesium-137 source (IBL 437C type H) of 189 TBq (dose rate: 7 Gy/min) with a single whole-body dose of 5 Gy.
Three days post irradiation animals were sacrificed by cervical dislocation and tissues were removed, and histological and histochemical characteristics were evaluated (n=10 each group).
Animal procedures were in accordance with 
Histopathological studies
Small intestine was opened along the mesenteric border and samples were pinned flat on corkboard, mucosal side up, to allow immediate fixation with 10% neutral buffered formalin and comparable samples. Uterus was Original Paper Representative of small intestines from at least eight 0.1 mg/kg.day histamine-treated rats; § Representative of small intestines from at least eight saline-treated and 5 Gy-irradiated rats; ^Representative of small intestines from at least eight histamine-treated and 5 Gy-irradiated rats. *Chromosomal damage was measured by analysing micronucleus. The number of micronuclei was determined in 1000 cells and is expressed as mean ± SEM. # Representative of small intestines from at least eight 0.1 mg/kg.day histamine-treated rats; § Representative of small intestines from at least eight saline-treated and 5 Gy-irradiated rats; ^Representative of small intestines from at least eight histamine-treated and 5 Gyirradiated rats. a P<0.001 vs untreated, b P<0.001 vs untreated-5 Gy (ANOVA and Tukey Post test). *The number of mitosis per x630-magnifitation field expressed as mean ± SEM of 10 fields examined. °Representative of small intestines from at least eight saline-treated rats.
#
Representative of small intestines from at least eight 0.1 mg/kg.day histamine-treated rats; § Representative of small intestines from at least eight saline-treated and 5 Gy-irradiated rats; ^Representative of small intestines from at least eight histamine-treated and 5 Gy-irradiated rats. removed and fixed with 10% neutral buffered formalin. Tissue samples were embedded in paraffin and cut into 4 µm thick serial sections. Small intestine and uterus morphology and histopathological characteristics were examined on tissue sections after haematoxylin-eosin staining.
Parameters analyzed in the proximal part of the small intestine were: i) mucosal trophism (Normal: normal appearance of mucosal villi and crypts; Moderate atrophy: slight reduction in the number of villi and crypts only confirmable through crypt comparative counting but conserving histological normal appearance; Marked atrophy: severe reduction in the number of villi and crypts with morphological changes in shape and structure); ii) number of intestinal crypts per circumference; iii) mucosal superficial ulceration (Absent: total continuity of cells layers covering the mucosal villi; Moderate: occasional loss of continuity in the epithelial covering of villi with mild inflammatory response; Severe: significant number of mucosal ulcers with important inflammatory response and haemorrhages; iv) nuclear and cytoplasmic changes (Absent: adequate nucleus/cytoplasmic ratio; Mild anisokaryosis: slight alteration in the nucleus/cytoplasmic ratio and different nuclear size between mucosal cells; Anisokaryosis/anisocytosis: marked alteration of the nucleus/cytoplasmic ratio, important difference in the nuclear and cytoplasmic size between mucosal cells); v) villous oedema (Absent: total absence of oedematous sectors; Present: oedematous separation of the mucosal layers by clear sectors in the histological preparation); vi) vascular damage (Absent: normal appearance of the vascular structures; Present: vascular congestion, proliferation and oedema of endothelial cells, occasional obliteration and thrombosis).
Immunohistochemical staining
After deparaffinization, specimens were placed in citrate buffer (10 mM, pH 6.0) and heated at boiling temperature in a microwave oven twice for 2 min for antigen retrieval. Endogenous peroxidase activity was blocked with 3% H 2 O 2 in distilled water. After blocking, tissues were incubated with primary rabbit anti histamine (1:100, Sigma Chemical Co., St. Louis, MO, USA), mouse anti proliferating cell nuclear antigen (PCNA, 1:100, Dako Cytomation, Glostrup, Denmark), and goat anti 8-OHdG (1:200, Millipore, Temecula, CA, USA) antibodies overnight in a humidified chamber at 4ºC. Immunoreactivity was detected by using horseradish peroxidase-conjugated anti-mouse, anti-goat or anti-rabbit antibodies, as appropriate, and visualized by diamino-benzidine staining (Sigma Chemical Co.). To evaluate sub-cellular localization of these proteins, nuclei were stained with haematoxylin. Light microscopy was performed on an Axiolab Karl Zeiss microscope (Göttingen, Germany). Photographs were taken at 100x, 400x and 630x magnifications using a Canon PowerShot G5 camera (Tokyo, Japan). To control the signal specificity, serial sections were made from five selected positive cases that were subjected to the same staining procedure, with either a normal mouse or rabbit IgG or PBS to replace the first antibody. No signal was detected in this control staining.
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Determination of apoptosis
Apoptotic cells were determined by terminal deoxynucleotidyl transferase (TdT) mediated deoxyuridine triphosphate biotin nick end labelling (TUNEL) assay. Fragmented DNA in cells undergoing apoptosis was detected using Apoptag TM plus peroxidase in situ apoptosis Detection Kit (CHEMICON International, Temecula, CA, USA) according to the manufacturer's instructions.
Samples were visualized using an Axiolab Karl Zeiss microscope. All photographs were taken at 630x magnification using a Canon PowerShot G5 camera. Negative control sections were incubated in the absence of TdT. Results were expressed as the number of TUNEL-positive cells per field of at least 15 fields examined.
Micronucleus assay
Micronucleus assay was performed according to Vanhauwaert et al. 20 with adaptation. Briefly, animals were sacrificed, a segment of the proximal jejunum was excised and flushed free of faeces with PBS. The small intestine was opened along the mesenteric border mucosal side up and was placed onto clean glass slides by imprint technique, and then allowed to dry. Finally, cells were stained with May-Grunwald Giemsa stain and visualised under Axiolab Karl Zeiss microscope.
At least 1000 small intestine epithelial cells, in which the nucleus was well identified but not fragmented, and surrounded by cytoplasm with a clear boundary, were analyzed per animal for micronucleus incidence. The criteria of the micronucleus were: i) the same staining as the main nucleus; ii) smaller than 1/3 diameter of the main nucleus; iii) not attached to the main nucleus. 20, 21 Statistical analysis Data shown are mean ± standard error of the mean (SEM). Statistical evaluations were made by analysis of variance (ANOVA) followed by Tukey Multiple Comparison Test. P values <0.05 were considered significant. All statistical analyses were performed with GraphPad Prism Version 5.00 software (San Diego, CA, USA). 
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Results
Effect of histamine on the histological characteristics of the small intestine
One of the most widely used experimental techniques to assess the biological responses against a dose of ionising radiation and to study potential radioprotectors, is the one developed by Withers and colleagues based on the observation of regenerating intestinal crypts in whole body irradiated animals. The score of radiation damage is the number of regenerating crypts per circumference of the sectioned intestine three days post irradiation. 1 As indicated in Table 1 , treatment with histamine decreased mucosal atrophy, oedema and vascular damage produced by ionising radiation. It also preserved the villi, crypts and nuclear characteristics of the small intestine after exposure to ionising radiation ( Figure 1 ). The number of crypts per circumference in irradiated and histamine treated rats was significantly higher than in the group of irradiated and untreated animals (239±12 vs 160±10, P<0.01). Importantly, the number of crypts per circumference in irradiated animals but treated with histamine did not differ from the value obtained in non-irradiated animals ( Table 1 ). In addition, histological features of small intestine were not altered by histamine treatment in non-irradiated animals (Table 1; Figure 1 ).
Effect of histamine on the intestinal cell proliferation and apoptosis
Histamine treatment significantly preserved the histological characteristics of intestinal crypts, which are structures containing pluripotent stem cells that allow continuous supply of all epithelial cells of the small intestine. In order to determine whether histamine effect was related to the modulation of proliferation and apoptosis, these biological processes were investigated through the determination of PCNA by immunohistochemistry and apoptosis by the TUNEL assay.
Results indicate that PCNA expression was high and restricted to the crypts in the small intestine of untreated rats and no significant differences were observed after histamine treatment (Figure 2) . By contrast, the number of apoptotic cells in the crypts was low and treatment with histamine in non-irradiated animals did not modify the number of apoptotic cells ( Figure 3 ; Table 2 ). PCNA expression was also elevated in the irradiated group of animals and histamine did not produce significant changes (Figure 2 ). On the other hand, ionising radiation increased the number of apoptotic crypt cells while treatment with histamine significantly reduced it (0.4±0.1 vs 1.5±0.3, P<0.001), reaching values that were comparable with the ones of non-irradiated animals ( Figure 3 ; Table 2 ).
Effect of histamine on the intestinal genotoxic damage
Whole body exposure of rats to gamma-radiation resulted in damage to cellular DNA, evidenced by an enhanced oxidative DNA damage and also induced the formation of micronuclei in small intestine (Figure 4; Tables 3 and 4) . Administration of histamine prior to the radiation exposure prevented the radiation induced DNA oxidative damage, reducing the percentage of 8-OHdG positivity in cryptal cells (7.5±0.8 vs 46.7±4.9, P<0.001) (Figure 4 ; Table 3 ). Furthermore, histamine treatment reduced the frequency of micronuclei in small intestine in whole body irradiated animals ( Table 4) .
Effect of histamine on the intracellular histamine immunoreactivity of the small intestine Figure 5 shows the results of the immunohistochemical analysis of intracellular histamine. Histamine content remained unchanged in the crypts of histamine treated and also of irradiated groups. Interestingly, histamine treatment significantly increased the intracellular histamine levels in the crypts of irradiated rats ( Figure 5 ).
Effect of histamine on the histological characteristics of the uterus
Histopathological results indicate that no changes in the endometrial histology were observed after histamine treatment in nonirradiated rats. In contrast, flattening of the endometrial surface, depletion of deep glands and reduced mitotic figures were observed in irradiated animals. Histamine treatment prevented the radiation-induced histological alterations, preserving the endometrial glands and also partially reversed the decreased mitotic figures induced by ionising radiation (Figure 6 , Table 5 ).
Effect of histamine on uterine cell proliferation
Uteri derived from untreated rats showed high PCNA immunoreactivity. After histamine treatment in non-irradiated rats, PCNA expression was moderate to intense and no significant differences were observed between these two groups ( Figure 7) . Few PCNA-positive cells in uterine luminal and glandular epithelial cells were observed after a 5 Gy dose of gamma radiOriginal Paper ation. Conversely, histamine treatment in irradiated rats markedly stimulated the expression of PCNA in both cell types (Figure 7 ).
Effect of histamine on the intracellular histamine immunoreactivity of the uterus
Uterus of non-irradiated rats demonstrated moderate histamine intracellular levels and the ionising radiation markedly increased its histamine content (Figure 8 ).
Discussion
The tolerance of normal tissues for radiation depends on the ability of clonogenic cells to maintain a sufficient number of mature cells to preserve the function of the organ. Casarett has suggested a classification of mammalian cell radiosensitivity based on histological observation of early cell death and has divided cells into four categories. Group I of Casarett's classification, the most sensitive group, includes intestinal crypt cells and bone marrow stem cells. 1 Some of the signs of gastrointestinal syndrome evidenced after whole-body irradiation with doses of 5-10 Gy include anorexia, lethargy, diarrhoea, decreased body fluids and electrolytes, weight loss, reduced white blood cells, bleeding and bacteraemia, aggravating the injury and contributing to the death. Severe enteritis occurs about 2-5 days post-irradiation. 1, 6 In order to contribute to better understand the role of histamine in the ionising radiation-induced biological effects on small intestine, we investigated its effects on other mammalian species.
The results clearly demonstrate that histamine treatment significantly prevents the ionising radiation-induced toxicity on small intestine, decreasing the histological damage and improving the trophism of the enterocytes. Histamine completely avoids the decrease in the number of crypts promoted by ionising radiation, effect that is essential to achieve intestinal mucosa recovery. 1, 22, 23 In rapidly proliferating tissues, such as the lining of the small intestine, there is a tight regulation of cell growth and death by apoptosis, which is fundamental to the maintenance of tissue homeostasis. 22, 24 The radiation damage to stem cells has serious repercussions because they were programmed to divide many times to maintain a large population, and if they lose their potential descendants are lost from the population. 1, 22, 23 In this regard, we investigated whether histamine could modulate the induction of apoptosis caused by ionising radiation. Histamine significantly reduces the ionising radiation-induced apoptosis in crypt cells. Coincidentally, we have previously reported that histamine prevents ionising radiation-induced injury in mouse small intestine by increasing proliferation of damaged intestinal mucosa and inhibiting apoptosis that was associated with an augmented antioxidant enzyme levels and histamine content .10 In this line, previous studies showed that increased levels of histamine produced by the treatment with aminoguanidine, a diamine oxidase inhibitor, reduces ischemia-induced intestinal mucosa cell apoptosis. This result might be partially supported by the fact that histamine, working as a growth factor, accelerated repair of damaged mucosa in the rat small intestine. 25, 26 In addition, we evaluated the expression of Original Paper PCNA as a proliferation marker. Results showed that the PCNA immunoreactivity is not significantly modified by histamine treatment neither in irradiated nor in non-irradiated intestinal cells, indicating that the intestinal crypts are regenerating after 3 days post-irradiation, which suggests that the radioprotective effect of histamine in rat small intestine is mainly associated with the inhibition of apoptosis. In agreement with this, we recently reported that histamine markedly prevented radiation injury on submandibular gland, ameliorating the histological and functional alterations. Histamine prevented radiation-induced toxicity in submandibular gland essentially by suppressing apoptosis of ductal and acinar cells, reducing the number of apoptotic cells per field. 12 Exposure to ionising radiation induced chromosome damage and oxidative stress, which can lead to cell death. 1, 18, 19 Therefore, we further investigated genotoxic activities by analysing micronucleus frequency and 8-OHdG immunoreactivity in small intestinal cells. Results show that histamine has protective action against radiationinduced oxidative DNA damage in vivo, reducing the frequency micronuclei formation and also significantly attenuated 8-OHdG immunoreactivity, a marker of DNA oxidative damage.
We also evaluated the content of histamine in the intestinal cells. The results indicate that histamine treatment increases the intracellular content of histamine especially in the intestinal crypts of irradiated rats as we have previously observed in mouse small intestine. 10 These results suggest that endogenous histamine might also be acting as a free-radical scavenger, as it was previously described for other compounds with similar chemical structure that includes an imidazol group. 27 Ionising radiation also affects other organs in the pelvic region and abdomen such as the uterus, which is considered as group II of the classification of tissue radiosensitivity of Casarett. 1 Uterine damage that includes atrophy of the endometrial glands and stromal, impaired growth and blood flow, is a likely consequence of pelvic irradiation. Therefore, women treated with radiation have an increased rate of uterine dysfunction leading to miscarriage, mid-trimester pregnancy loss, preterm labour, low birth weight, and placental abnormalities.
1,9,28 Therefore, we investigated the effect of histamine on irradiated uterus. Histopathological analysis demonstrated that histamine treatment prevents the ionising radiation-induced flattening of the endometrial surface together with the reduction of deep glands and mitosis. This effect was associated with an increased PCNA immunoreactivity in the luminal and glandular endometrial cells. In agreement with this result, we have previously Original Paper reported that histamine reduces the degree of bone marrow aplasia caused by ionising radiation that was mediated at least in part by an augment in the rate of proliferation as evidenced by the enhanced PCNA protein expression. 11 We further determined the effect of histamine and ionising radiation on the intracellular histamine content. Results show that ionising radiation increases intracellular histamine in both untreated and treated animals.
It is important to point out that the radioprotective effect of histamine on the bone marrow and small intestine was demonstrated not only in mouse but also in rats as shown in the present work, 10, 11 suggesting that histamine may produce a cytoprotective action against ionising radiation-induced damage in other mammals.
Despite many years of research there are surprisingly few radiation protectors in use today, whose clinical value is limited due to their toxicity. 1 Amifostine is the only radioprotective agent that is approved by the Food and Drug Administration (FDA) for preventing gamma irradiation-induced xerostomia in patients under radiotherapy. 1, 29 However, its use encounters two great difficulties: their dose-limiting toxicity and the short period during it is active, which limits amifostine clinical administration. [30] [31] [32] In addition, the clinical use of radioprotectors in radiation therapy continues to be plagued by issues related to possible tumour protection interfering with the irradiation anticancer effect. 29, 32 On the contrary, histamine dihydrochloride (developed as a subcutaneous formulation known as Ceplene) is being used in several clinical trials as an adjuvant with interleukin-2 or interferon alpha therapy for the potential treatment of different types of cancer, including metastatic melanoma, acute myelogenous leukaemia and renal cell carcinoma. In all cases, histamine dihydrochloride was generally well-tolerated and no unexpected or irreversible side effects were reported, demonstrating that histamine dihydrochloride can be safely administered. 33, 34 In addition, this study showed no local or systemic side effects after histamine administration (results not shown).
On the other hand, histamine enhances in vitro radiosensitivity of breast cancer cells through the modulation of antioxidant enzymes. 35 Therefore, histamine selectively protects ionising radiation-induced cell damage in rat small intestine, bone marrow, salivary glands together with uteri.
The presented evidences indicate that histamine is a potential candidate as a safe radioprotective agent that might increase the therapeutic index of radiotherapy for intra-abdominal and pelvic cancers, and thus enhancing patient quality of life by protecting normal tisOriginal Paper sue from radiation-induced injury and oxidative DNA damage. However, the efficacy of histamine needs to be carefully investigated in prospective clinical trials.
